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Nonrelativistic Quark Model Calculation of the S parameter
Carlos A. Ramirez ∗
Escuela de F´ısica,
Universidad Industrial de Santander,
A. A. 678, Bucaramanga, Colombia
A critical review is presented of the attempts to estimate the Strong Interactions contributions
to the parameter S (L10 in the QCD Chiral Version). In particular it is discussed why the estima-
tions done for Technicolor are unreliable. S is calculated for heavy doublets of Techniquarks using the
Nonrelativistic Quark Model and keeping v ≃ 0.25 TeV fixed. It is found that heavy Techniquarks
decouple, so it is possible to obtain values for S in agreement with present experimental data.
PACS number(s): 12.60.Nz, 12.60.Fr, 12.38.Lg, 12.38.Aw, 12.39.Jh
I. INTRODUCTION
Parameters like S have a twofold interest: first in the case of the Physics Beyond the Standard Model (SM) [1–4]
where it is used to account for deviations from the Standard Model predictions due to possible new Physics, and
second in the case of QCD where SQCD = −16πL10 and L10 is the QCD Chiral Parameter [5]. Calculations for simple
QCD models agree roughly with the experimental values [6,7], but when these results are scaled to obtain Technicolor
(TC) [8–10] theoretical predictions [1,2,11–16] conflict with experimental results arise and one may conclude that
TC models are excluded (although people has been able to find several models where S is negative [17]). However
many critics [18,19] are unavoidable to the methods used to obtain S in the cases where Strong Interactions are
present, in particular when extrapolations are done to obtain TC predictions by scaling QCD results due to our poor
understanding of nonperturbative QCD contributions. Let us review shortly these estimations and the critics they
have received.
The first attempt to compute S in the case of TC Models was done by scaling the QCD results [1]. Although this
estimation is reviewed in section II let us mention that one of the defects of this approach is the fact that the results
are, once scaled independent of the Strong Interactions themselves! (the result is independent of the coupling constant
and of the quark or Techniquark masses). The same result is obtained by using the very simple Quark Model [6] with
constituent free quarks. In this model interactions are not considered and the result is essentially independent of the
quark masses.
Another attempt was done by using Phenomenological Lagrangians [5,2] in order to compute the pseudogoldstone
mesons contributions, in the same way this is done in the case of the low energy QCD [5]. Critics in this case arise
because if the number of degenerate technidoubles, NTD is large the masses of the resonances and the symmetry
breaking scale, Λχ ∼ 4πFpi/
√
NTD [2] become too low and the energy expansion is not valid anymore [2]. Besides in
Walking Technicolor (WTC) [10] the Technipions may not be the Goldstone Bosons (mpiTC ∼ ΛTC). Finally the result
S ∼ N2TD disagrees with the other estimations where S ∼ NTCND because these two terms represent very different
physics [11], the low and high energy contributions so they have to be added. The Analytic Continuation by Duality
(ACD) method [12] was also used but its confidence level is not very clear [12]. In this method one computes mainly
the contribution from short distances physics and the result should be added to the low energy contributions.
Numerical estimations have been done by solving the Dyson-Schwinger equation (DSE) [13] or the Bethe-Salpeter
equation (BSE) in the Improved Ladder Approximation (ILA) [14]. It is interesting that both methods obtain similar
results, even if they are very different and do not include the same physics, for example the BSE approach includes
resonances while the DSE do not take them into account. Both calculations use a running coupling constant α(s)
[20] that may not be realistic because it does not have the usual long distance properties like Confinement. More will
be said below. Simpler versions are models like the Gauged Nonlocal Constituent Quark Model (GNC) [15] and the
Extended Nambu Jona-Lasinio Models [16] where S and other parameters can be estimated. However they are too
simple to predict resonance parameters, for example. The results are shown in table 1.
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Parameter SQCD −L10 · 103 Fpi [MeV] SWSM
Exper. 0.28± 0.035 [5] 5.6± 0.3 [5] 94 0.49± 0.18 [3]
Free CQ [6] 0.16 3.2 128 0.21
VMD [7] 0.38 7.6 93 0.51
(ρV − ρA)Ex. [21] 0.33 6.6 98 0.44
ACD [12] 0.26 5.1 - 0.35
DSE [13] 0.3 6 - 0.4
BSE [14] 0.43-0.48 8.6-9.5 - 0.24
GNC [15] 0.24-0.36 4.7-7.1 100 0.32-0.48
ENJL [16] 0.26-0.31 5.1-6.1 83-89 0.35-0.41
TABLE 1. Experimental data and Model predictions for L10 parameter (and SQCD = −16πL10) and Fpi in the
QCD case and for TC models (for NTD = 1 and NTC = 4).
Given that interactions are strong and nonperturbative contributions may be large one has to use methods like
the Dyson-Schwinger equation (DSE) [13,15], Bethe-Salpeter equation (BSE) [14] or Lattice QCD. It seems the best
method is the BSE in the ILA, besides Lattice that is not considered here. Arguments in favor are that it includes
both the Techni-quarks (TQ) self-energy Σ(q2) from DSE and the Vector and Axial vertex form factors ΓµV,A(p, q)
(including the resonances) from BSE. These two contributions are dominant in the large-N expansion [22] over for
example pseudogoldstone mesons contributions. On another side BSE equation is able to explain correctly most of
the known properties of QCD like the spectra, the partial decay widths, etc. [23].
A very popular TC model assumes NTD techniquark doublets [1,2] interacting through a new strong force, Techni-
color. It is supposed that the TQ are light enough so Chiral Symmetry is preserved. This is then broken dynamically
to produce the Goldstone Bosons, absorbed by the W and Z to adquire their known masses. A second possibility is
to have heavy TQ, so Chiral Symmetry is broken explicitely. In this case the W and Z masses are produced because
their self-energies do not vanish at s = m2W << m
2
TQ (ΠA(0) 6= 0 in eq. (1)), even if they do not interact (see eq. (2)).
At present nobody knows which possibility is realized by nature, if any. In the case of QCD both, light and heavy
quarks produce contributions to ΠA(0): for light quarks Chiral Symmetry seems to be broken dynamically, while for
the heavy ones is obviously broken explicitely. The first case was treated for TC within several approximations by
authors of refs. [13,14]. Perhaps in that case scaled estimations are a good approximation but the complete calcu-
lation has to be done. In the present work it is assumed that the second case is realized in nature so light TQ are
absent. If TQ are heavy the Nonrelativistic Quark Model (NRQM) [24–27] is a good approximation like in the case
of bottomonium and charmonium physics [27]. It should be emphasized that the light TQ contribution (if any) can
not be computed by using the NRQM, due to large relativistic effects so one has to solve the complete BSE. In the
general case of having light and heavy TQ both contributions have to be added.
The purposes of the present work is to review shortlely the calculations [1] where QCD is used as an analog
computer to show their shortcomings and second to compute the parameter S by using the NRQM for several
potentials, constrained by the fact that they have to reproduce the correct electroweak vacuum expectation value
v2 =
√
2/GF ≃ (0.245 ·TeV)2 (from m2W = g2v2/4, and v has to be replaced by Fpi for QCD) and predict a reasonable
spectra. First I will work out the simple but physically appealing Cornell potential [26] and its particular case, the
Coulomb potential. Finally the more realistic Richardson Potential [27] is used to get values for S not excluded by
experimental data.
The parameter S is given by the equations [1]
S = 4π [Π′V V (0)−Π′AA(0)] = 4π
∫
∞
0
ds
s
[ρV (s)− ρA(s)]
v2 = ΠV V (0)−ΠAA(0) =
∫
∞
0
ds [ρV (s)− ρA(s)] (1)
with i
(
gµνΠV V (q
2) +BV V q
µqν
)
δab ≡ ∫ d4x < (JV (x))aµ(JV (0))aν > exp(iq · x) the two point functions, ρV =
Im (Π′V V (s)) /π, and similarly for the axial ones [21]. The currents are (JV )
a
i = q¯T
aγµq, (JA)
a
i = q¯T
aγµγ5q with
q¯ = (u¯, d¯) the light quarks doublet for QCD and for TC one has to replace q¯ by Q¯ = (U¯ , D¯), the corresponding
Tecniquark doublet. Finally, T a are the Isospin generators. In the case of QCD eqs. (1) correspond to the ‘zeroth’
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and first Weinberg Sum Rules [1,21] and both are consequences of Chiral Perturbation Theory valid only for the light
quarks u, d and s [5]. In the case of the Physics Beyond the SM S was already mentionated and the relation for v
is obtained from the fact that W and Z masses are generated dynamically due, for example to the presence of new
physics like the Higgs or TQ bounded scalars, etc [8]. Other equivalent definitions in the case of Physics Beyond the
SM have been given: S ≃ hAW ≃ hAZ ≃ 4s2W ǫ3/α [1]. The QCD and TC Physics may be different but there are
many potential analogies and the formulas are the same, so it is interesting to compare and whenever it is possible
do both calculations at the same time.
II. QCD AS AN ANALOG COMPUTER
A. Constituent Quarks estimation
The simplest case is to consider one free constituent quark (or TQ) loop contribution to the two point functions.
In the case of TC with NTD degenerate technidoublets and NTC technicolors the result is [1,6]
S =
NTCNTD
6π
v2 =
NTCNTD
4π2
m2TQ log(Λ
2/m2TQ) (2)
For QCD NTD = 1 and NTC = 3, and the L10 obtained is close to the expected value. On another side Fpi diverges
and a cut-off, Λ has to be used. If mq = 0.3 GeV and Λ ≃ 1 GeV are used one obtains the Fpi shown in table 1. For
TC we see that models with NTD > 4 are forbidden by experimental data.
The physics here is too simple and interquark forces are obviously negleted. A simple improving is obtained by
computing the two loops contribution [28], however it is small and in particular no resonances (the main contribution
[21] in QCD!) are obtained, an indication that nonperturvative contributions are large. It is remarkable, however how
this very simple constituent quark model and other ones like GNC [15], ENJL [16], DSE, BSE, etc., where interactions
are somehow taken into account predict values for L10 close to experimental data. It seems that L10 does not depend
on the interactions neither on the quark masses, at least for QCD but in general this may not be true.
B. Scaling VMD results
In the case of QCD we see from experimental data of fig. 1, for ρV and ρA that the main contributions to the
sum rules of eq. (1) are from the two lightest resonances: ρ(770) and a1(1260). On another side it is found that the
contributions of the resonance widths are very small and a good approximation is to take ρV = F
2
ρ δ
(
s−m2ρ
)
and
ρA = F
2
Aδ
(
s−m2A
)
, this is the so called narrow resonance approximation. In this case, for two resonances one has
S = 4π
[
F 2ρ
m2ρ
− F
2
A
m2A
]
v2 → F 2pi = F 2ρ − F 2A (3)
The usual approach [1] is to estimate S for TC theories (at least for QCD-like ones) [1] by using the following
relations: 1) the second Weinberg sum rule m2ρF
2
ρ = m
2
AF
2
A [1,21], 2) the KSRF relation m
2
ρT /m
2
AT
= m2ρ/m
2
A = 1/2
[29] and 3) the scaling (NC = 3→ NTC) relation F 2TC/m2ρTC = NTD(NTC/3)F 2pi/m2ρ [11,22]. Notice that the first two
relations are approximately satisfied in the QCD case. Using the first and second Weinberg sum rules and the KSRF
relation one obtains S = 6πF 2pi/m
2
ρ (or L10 = −3F 2pi/8m2ρ) and after scaling
S = 6π
F 2pi
m2ρ
→ 6πNTDNC
3
F 2pi
m2ρ
= NTD
NTC
3
SQCD (4)
To evaluate SQCD one has several alternatives: compute it directly form Fpi and mρ, so SQCD ≃ 0.28. An inter-
mediate possibility is to use several of the relations mentioned above to get values for the constants that may not be
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very well known experimentally, like FA and so on. Another possibility is to use the experimental values [4] in eq. (3):
FV = 154 ± 3 MeV obtained from Γ(V → l−l+) = 4πα2F 2V /3mV ≃ (6.9 ± 0.3) KeV and FA = 123 ± 25 MeV from
Γ(a1 → πγ) = (αF 2Ama/24F 2pi)
(
1−m2pi/m2a
)3 ≃ (0.64 ± 0.25) MeV. Using these values one obtains SQCD = 0.38
(L10 = −0.0076) and Fpi = 93 MeV in agreement with the QCD experimental results. Finally one can use directly the
measured spectral functions ρV (s)− ρA(s) (see fig. 1) [1,21], to obtain SQCD = 0.33 and Fpi = 98 MeV in agreement
with the expectations. Alternative approaches are the VMD in the Lagrangian version [7] but the physics is the same.
In any case the value for SQCD are not very different from the one obtained in the free constituent TQ case and again
TC models with NTD > 4 are excluded.
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FIG. 1. Experimental values for ρV,A and the ‘best fit’ line for the integrands of the sum rules in eq. (1), from ref.
[21].
C. Critics
As mentioned before there are several critics to this approach, let’s see. The first objection is to the scaling
hypothesis: this relation is only the leading contribution, in the large-N expansion [22] and we do not know if it
is valid for a general theory, specially when Strong Interactions and their nonlinear character may produce large
nonperturbative contributions. In any case an explanation is due to the fact that the result is independent of the
interactions for a general theory. A second objection is to the KSRF relation that in the case of heavy quarks is
clearly wrong because the hyperfine splitting is certainly smaller. The second Weinberg sum rule may be wrong in
the general case too. Another difficulty is the fact that the QCD Sum Rules are saturated by only two resonances, the
ρ(770) and a1(1260) so heavier resonances were not taken into account to get S. However this may not be the case
in TC Models, even in QCD-like ones and even less in WTC models (For Walking Technicolor [10,2,18] the coupling
constant ‘walks’ as αTC(s) ∼ constant for ΛTC ∼ 1 TeV <
√
s < ΛETC so Asymptotic freedom is retarded and high
energy physics, like heavy resonances may produce large contributions to low energy parameters).
According to the scaled results heavy TQ do not decouple from the Standard Model Physics [30]. This is not the
case in QCD where for example hadronic physics is completely blind to the top quark physics. One can imagine that
heavy TQ form new W -s and Z-s (W ∗, Z∗, etc), but they do not contribute to the masses of the known ones. This is
the case in QCD where for example b quarks form Υ resonances but they do not contribute to the mass of the ρ(770)
for example. It may be that TQ doublets are grouped in ‘light’ and ‘heavy’ ones, and their contributions decreases
when their masses become large.
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On another side calculations assume Isospin is a good symmetry [19]. One can argues that in general this could
not be the case so doublets may not be degenerate. For the known quarks and leptons doublets non degeneracy is the
rule and only the first quark doublet is approximately degenerate!. Isospin seems to be present due to two accidents:
the smallness of the fine structure constant and the approximate degeneracy of u and d quarks, thus ρ ∼ 1 even if
mt >> mb. In order to take into account these facts Extended Technicolor theories [9] assume that Physics present
at energies of the order ΛETC should conserve Isospin to keep mu ∼ md and ρ ∼ 1, and the Physics at energies of
the order of ΛTC should break it to explain the top quark mass. Taking this in mind S is computed and a negative
value can be obtained [17]. One should be aware too, that TQ may not belong to doublets but to higher dimensional
representations having in general large mass differences.
Finally, it was assumed that all TQ doublets are degenerate without having any reason for that. This is a very
strong hypothesis, specially when in the case of known quarks and leptons degeneracy is not the rule but on the
contrary, there are large mass differences between for example neutrinos and top quark.
III. NONRELATIVISTIC QUARK MODEL
As mentioned before the main purpose of this paper is to work out the NRQM prediction for S by modeling the
TQ-TQ interaction with a potential, obtained by extrapolating the QCD one. Before going to the calculation I want
to argue in favor of this approach. If the TQ-s are heavy enough the relativistic effects are very small, the coupling
constant becomes small due to Asymptotic freedom and the TQ Self-Energies become constant and equal to the TQ
masses, Σ(q2) ≃ mTQ. Finally it has been found that using relativistic equations do not improve necessarily the
results because the parameters can be redefined [31]. In order to compute S and v2 one can use eqs. (3), once the
contributions from all the resonances are considered. According to the NRQM the FV and FA are given by [24,1].
F 2V =
NTC
2π
|Rns(0)|2
mV
F 2A =
24NTC
π
|R′np(0)|2
m3a
(5)
for each doublet and R(r) satisfy the radial Schro¨dinger Equation
− 1
2µ
[
d2
dr2
+
2
r
d
dr
]
R(r) +
[
V (r) +
l(l+ 1)
2µr2
]
R(r) = ER(r)
(6)
with µ the reduced mass and R(r) satisfy the usual boundary and normalization conditions.
A. Cornell and Coulomb Potentials
The Cornell Potential [26] is V = 2mTQ(d− 1)+Fr− a/r, with a = C2(R)αs, C2(R) = (N2 − 1)/2N and F is the
‘String tension’. The first term is some kind of background not considered in the literature that may be turned off
by taking d = 1. Redefining R = (mTQF )
1/2u/r and x = (2µF )1/3r we have
− u′′ + Veff.u ≡ −u′′ +
[
x− b/x+ l(l+ 1)/x2] u = ǫnlu (7)
with u(0) = u(∞) = 0, u(x) normalized to unity and b = a((2µ)2/F )1/3. The wavefunction and its first derivative
at the origin are |Rns(0)|2 = mTQF |u′ns(0)|2 and |R′np(0)|2 = (mTQF )5/3|u′′np(0)|2/4, respectively. Notice that ǫnl,
u′nl(0) and u
′′
nl(0) depend only on the parameter b and can be obtained by solving eq. (7) numerically [26]. The
masses of the vector (l = 0), the axial vector (l = 1) resonances and the hyperfine splitting are
mnl = 2mTQd+
(mTQF )
2/3
mTQ
ǫnl
m(n3s1)−m(n1s0) = 2(mTQF )
4/3
3m3TQ
b|u′ns(0)|2 (8)
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where the second relation was obtained from the spin-spin potential Vs−s = 8πCFαS( ~s1 · ~s2)δ(3)(~r)/3m2TQ [24].
For NTD degenerate doublets we have
S = NTD
NTC
4
t3/2
∑
n
[
|u′ns(0)|2
(d+ tǫns/2)3
− 3t |u
′′
np(0)|2
(d+ tǫns/2)5
]
v2 ≡
√
2
GF
= NTD
NTC
4π
m2TQt
3/2
∑
n
[
|u′ns(0)|2
d+ tǫns/2
− 3t |u
′′
np(0)|2
(d+ tǫns/2)3
]
(9)
where t = (F/m2TQ)
2/3.
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FIG. 2. Values for S and v2, for NTC = 4, NTD = 1. The dotted, continuous and dashed lines are for d = 0.5, 1
and 1.5, respectively. In the case of αTC = 0.2, following the explanation given in the text for S ≃ 0.4 and d = 1
we get t ≃ 0.5 and from it mTQ ≃ 0.22 TeV and F ≃ 0.017 TeV2. The mass for the Techni-ρ is then 0.64 TeV and
the hyperfine splitting 0.04 TeV, so relativistic corrections are small and the NRQM is valid for these values. Notice
that for d = 1.5 one obtains S ∼ 0 for all the values of t. The case of αTC = 0.5 and d = 1 may be rule out because
S ∼ 0.9 for the whole intervale. Light TQ contributions were not considered.
In order to analyze eq. (9) it is reasonable to keep N = NTC = 4, NTD = 1, αTC and d fixed so S and v
2 depend
only on t (b = a/
√
t). Fig. 2 illustrate the behavior of S and mTQ, for two values of αTC: for a given value of S
one obtains the corresponding t, then from the second graph the mTQ needed to have the correct v
2 and the ‘String
tension’, F can be found. From them the spectra can be computed. A good place to test these predictions is of course
in the case of light quarks in QCD, but unfortunately for light quarks large relativistic correction are present and
NRQM is not a good approximation. If one ignore this difficulty a value of S ∼ 0.28 is obtained, that is no far from
the experimental result.
One important limit of the Cornell potential is the very heavy TQ case. There one can see that b grows like m
2/3
Q
and the potential becomes coulombic at short distances, independent on the confinement phenomena. Now it is easy
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to obtain analytic solutions for the spectra: mnl = 2mTQ[d − (a/n)2/8], for the wave function |Rns(0)|2 = 4(aµ/n)3
and for its first derivative |R′ns(0)|2 = 4(n2 − 1)(aµ/n)5/9. From these expresions S and v2 are
S = NTD
NTC
8
∑
n
[
a/n
d− (a/n)2/8
]3 [
1− 1
3
(a/n)2(n2 − 1)
[d− (a/n)2/8]2
]
v2 = NTD
NTC
8π
m2TQ
∑
n
(a/n)3
d− (a/n)2/8
[
1− 1
3
(a/n)2(n2 − 1)
[d− (a/n)2/8]2
]
(10)
The behavior of S and of the TQ mass, needed to have the correct v are shown in Fig. 3 for the case of the Coulomb
potential. Notice that at large distances the confining potential is still present and no continuum contribution is
obtained.
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FIG. 3. Values for S and v2 for the Coulomb case, as in fig. 2. We see that S → 0 when mTQ → ∞ (so
αTC(mTQ)→ 0).
In the limit of heavy TQ it is easy to see that mV,A → mQ, R(0)2 → α3S(mQ)m3Q and F 2V → α3S(mQ)m2Q, so one
obtains finally that S → α3S(mQ) → 0 (see fig. 3) and very heavy quarks decouple, in agreement with Appelquist-
Carazzone theorem [30] and contradicting scaling assumptions. However the Coulomb potential is a simple one bare
gluon exchange approximation that has to be corrected even at very high energies [27].
B. Richardson Potential
As mentioned before the calculations done by now, using the DSE and BSE equations use a running coupling
constant α(s) that may not be realistic because it does not have the usual long distance confinement properties [20],
thus in order to break Chiral Symmetry dynamically [32] a very strong potential is needed. Besides the α(s) is in
disagreement with lattice calculations for QCD [33]. A more realistic potential is the so called Richardson potential
[27]. In general the potential is given by
V (r) =
∫
d3q
(2π)3
eiq·rV (q) =
1
2π2r
∫
∞
0
V (q2)q sin(qr)dq (11)
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with V (q2) = −C2(R)4πα(q2)/q2. The Richardson potential is obtained by extrapolating the Asymptotic freedom
expression to the infrared region as αAF(q2) = 4π/β0 log
(
q2/Λ2
) → αRich.(q2) = 4π/β0 log (1 + q2/Λ2) [27], with
β0 = 11C2(G)/3 − 2nF/3, C2(G) = N and C2(R) = (N2 − 1)/2N . Then one has for the Richardson potential
VRich.(r) = −8C2(R)
β0r
∫
∞
0
1
log (1 + q2/Λ2)
sin(qr)
q
dq
= Fr − 2πC2(R)f(Λr)
β0r
→
{−2πC2(R)/3β0r log(1/Λr), if r → 0
Fr if r →∞ (12)
with the ‘String tension’, F = 2πC2(R)Λ
2/β0 and
f(x) =
4
π
∫
∞
0
dk
sin(kx)
k
[
1
log(1 + k2)
− 1
k2
]
= 1− 4
∫
∞
1
dk
k
exp(−kx)
π2 + [log(k2 − 1)]2 (13)
The linear part explains confinement as well as the Regge trajectories [34] and it is able to produces the Dynamical
Chiral Symmetry breaking [32]. Besides Richardson potential agrees with lattice calculation [33] as is shown in fig.
4. Finally it is able to explain correctly the heavy quarks spectra and their leptonic widths [27].
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FIG. 4. Cornell (dashed line) [26] and Richardson (continuous one) [27] potentials compared with lattice calculations
of the CP-PACS group [33] (dots), for QCD.
Transforming the wavefunction as R(r) = Λ3/2u(x)/x, with x ≡ Λr one obtains eq. (7) for u(x) with Veff.(x) =
(mTQ/Λ)VRich./Λ+ l(l+ 1)/x
2. One important property of eq. (7), in the case of the Richardson potential is that it
has only one input parameter, mTQ/Λ. The boundary and normalization conditions for u are the same of the Cornell
potential case. The masses of the vectorial resonances are thenmnl = 2mTQ+Enl = 2mTQ+Λ
2ǫnl/mTQ, where ǫnl are
obtained from (7). The wavefunction and its first derivative are |Rns(0)|2 = Λ3|u′ns(0)|2, |R′np(0)|2 = Λ5|u′′np(0)|2/4,
respectively. Finally, the hyperfine splitting and the decay constants are
m(n3s1)−m(n1s0) = 2C2(R)α((2mTQ)
2)Λ3
3m2TC
|u′ns(0)|2
F 2V =
NCΛ
3
2πmV
|u′ns(0)|2 F 2A =
6NCΛ
5
πm3a
|u′′np(0)|2 (14)
Notice that ǫnl, u
′
ns(0), u
′′
np(0) and therefore S and (v/Λ)
2 depend only on mTQ/Λ. The Scho¨dinger equation (7)
was solved numerically and the results are given in tables 2 and 3 for two specific values of mTQ/Λ. In order to get
S and v the first 10 resonances were taken into account assuming that the series converge rapidly due to the fact
that for example the widths of the heavier resonances are large enough so their contributions can be negleted. This
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is the case in QCD where only the first two resonances contribute to the sum rules. Notice that for the Cornell and
Richardson potentials there is no continum part in the spectra because there are no free quarks (or TQ). From tables
like 2 and 3, the corresponding value for (v/Λ)2 and again constraining v to its experimental value one obtains Λ.
Now, from the input parameter mTQ/Λ one obtains mTQ and from it the respective spectra can be calulated.
n ǫns |u′ns(0)|2 ǫnp |u′′np(0)|2 mV /Λ (FV /Λ)2 ma/Λ (Fa/Λ)2
1 1.4639(7) 1.6927 2.6594(8) 1.5202 3.46 0.311 4.66 0.115
2 3.3048(9) 1.3590 4.1548(9) 2.3018 5.3 0.163 6.15 0.076
3 4.7168(10) 1.2514 5.4252(11) 2.8966 6.72 0.119 7.43 0.054
4 5.9373(12) 1.1973 6.5658(13) 3.3894 7.94 0.096 8.57 0.041
5 7.0465(13) 1.1732 7.6256(13.5) 3.8734 9.05 0.083 9.63 0.033
6 8.0823(14) 1.1497 8.6169(15) 4.1787 10.08 0.073 10.62 0.027
7 9.0439(15) 1.1108 9.5419(16) 4.4944 11.04 0.064 11.54 0.022
8 9.9533(16) 1.1040 10.4275(16.5) 4.7889 11.95 0.059 12.43 0.019
9 10.8208(17) 1.0829 11.2727(17.5) 5.0570 12.82 0.054 13.27 0.016
10 11.6548(18) 1.0743 12.0878(18.5) 5.2437 13.65 0.05 14.09 0.014
TABLE 2. Energy eigenvalues and wavefunctions at the origin for the Richardson potential. The input parameters
are mTQ/Λ = 1.0, NTC = 4 and NTD = 1. The results are S ≃ 0.37 and (v/Λ)2 ≃ 0.7 so Λ ∼ 0.3 TeV, mTQ ∼ 0.3
TeV and the lightest vectorial resonance mass is mρTC = 1 TeV. Besides ∆mH.F. ≃ 0.38 TeV and α(2mTQ) ∼ 0.6 so
relativistic effects are small.
n ǫns |u′ns(0)|2 ǫnp |u′′np(0)|2 mV /Λ (FV /Λ)2 ma/Λ (Fa/Λ)2
1 -48.61(1.5) 552.85 -11.78(2) 5843.74 58.38 6.029 59.61 0.211
2 -4.56(2.1) 206.93 12.25(2.4) 5399.83 59.85 2.201 60.41 0.187
3 17.69(2.7) 139.92 29.33(3) 5042.46 60.59 1.47 60.98 0.17
4 33.99(3.2) 112.97 43.31(3.4) 4859.84 61.13 1.176 61.44 0.16
5 47.50(3.8) 98.36 55.49(4) 4672.26 61.58 1.017 61.85 0.151
6 59.38(4) 89.12 66.50(4.2) 4625.49 61.98 0.915 62.22 0.147
7 70.16(4.6) 82.57 76.65(4.8) 4457.64 62.34 0.843 62.56 0.139
8 80.14(4.8) 77.79 86.16(5) 4419.81 62.67 0.79 62.87 0.136
9 89.50(5.2) 73.98 95.15(5.4) 4305.79 62.98 0.748 63.17 0.13
10 98.37(5.4) 70.94 103.71(5.6) 4260.79 63.28 0.714 63.46 0.127
TABLE 3. Same as in table 2 but now the input parameters are mTQ/Λ = 30.0 NTC = 4 and NTD = 1. The results
are S ≃ 0.05 and (v/Λ)2 ≃ 14.3 so Λ ∼ 0.066 TeV, mTQ ∼ 1.98 TeV and mρTC = 3.85 TeV. Besides ∆mH.F. ≃ 0.006
TeV and α(2mTQ) ∼ 0.11 so relativistic effects are very small.
The dependence of the relevant parameters on the TQ mass, mTQ/Λ is shown in table 4. and fig. 5. One can see
how very heavy TQ-s decouple and do not contribute to S.
mTQ/Λ S (v/Λ)
2 (FV /Λ)
2 (Fa/Λ)
2
1 0.37 0.7 0.311 0.115
5 0.235 2.4 1.2 0.27
10 0.15 5.2 2.11 0.236
20 0.076 9.96 3.97 0.212
30 0.05 14.3 6.03 0.211
40 0.037 18.6 8.25 0.216
50 0.029 22.9 10.6 0.22
TABLE 4. S, (v/Λ)2, etc., for several values of the TQ mass, mTQ/Λ.
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FIG. 5. S and v2/Λ2 for the Richardson Potential. The points are fitted by the formula S = 0.016+ 0.4/(1+ 0.05 ·
(mTQ/Λ))
2.63, decreasing with mTQ and v
2/Λ2 = 0.45 + 0.45 · (mTQ/Λ). Finally F 2V /Λ2 = 0.02 + 0.21 · (mTQ/Λ).
Light TQ contributions were not considered.
IV. CONCLUSIONS
I found, using the NRQM that it is possible to produce values for S consistent with experimental constrains for
simple QCD-like TC models. The vacuum expectation value v was kept equal to its experimental value. Two potentials
were used: the Cornell one and the more realistic Richardson potential.
It was obtained that S decrease with mTQ like α
3(mTQ) in the case of the Cornell Potential and approximately
like 1/m2.63TQ for the Richardson Potential. This contradicts scaling results [1] where no dependence was obtained
and agrees with decoupling theorem [30]. In this way we can obtain simple TC Models that are not rule out by
experimental constrains on S. For more general models (WTC) more parameters are involved and this situation
should be reproduced without major problems. For v, and for the Leptonic decay constants, FV and FA it is found
that in the NRQM limit both grow for the Richardson potential as
√
mTQ, a softer dependence that the case of the
free quark, where they grow like mTQ and in the case of the Cornell potential where they growing is intermediate
between these two cases. The result for S is more solid because it is less sensitive to high energy physics and the sum
rule used to compute it converges rapidly. Finally, it was found that S depends on the Interactions and on the TQ
masses, as expected.
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